ABSTRACT 1 2 The MEK and ERK/MAPK proteins are established regulators of multicellular development and 3 cell movement. By combining traditional genetic and biochemical assays with statistical analysis of 4 global gene-expression profiles, we discerned a genetic interaction between Dictyostelium mek1, smkA 5 (suppressor of mek1 -), and pppC (protein phosphatase 4 catalytic subunit). We found that during 6 development and chemotaxis, both mek1 and smkA regulate pppC function. In other organisms, the 7 protein phosphatase 4 catalytic subunit, PP4C, functions in complex with the PP4R2 and PP4R3 8 regulatory subunits to control recovery from DNA damage. Here, we show that catalytically active 9 PP4C is also required for development, chemotaxis, and the expression of numerous genes. smkA 10 (SMEK) functions as the Dictyostelium PP4R3 homolog and positively regulates a subset of PP4C's 11 functions: PP4C-mediated developmental progression, chemotaxis, and the expression of genes 12 specifically involved in cell stress responses and cell movement. We also demonstrate that SMEK does 13 not control the absolute level of PP4C activity and suggest that SMEK regulates PP4C by controlling its 14 localization to the nucleus. These data define a novel genetic pathway in which mek1 functions 15 upstream of pppC/smkA to control multicellular development and chemotaxis. 16
human leukocytes utilize conserved signaling pathways and organelles for chemotaxis (1) . 6 Dictyostelium senses and chemotaxes towards cAMP during starvation and subsequent multicellular 7 development (25, 34). 8
The MEK-ERK mitogen-activated protein kinase (MAPK) pathway is required for amoeboid 9 chemotaxis and development in many systems (14, 27, 33, 35, 37, 48) . MEKs are MAPK kinases that 10 phosphorylate and activate ERK/MAPKs, which then phosphorylate specific effector substrates (17, 31, 11 36). The conserved gene smkA (suppressor of mek1 -) is one of the few known regulators of the MEK 12 pathway during amoeboid chemotaxis and development (30). The Dictyostelium smkA protein product 13 (SMEK) functions in the nucleus during chemotaxis and is required for the manifestation of the mek1 -14 chemotaxis and developmental defects (30). However, the genetic relationship between mek1 and the 15 second site suppressor smkA is obscure, due to the multifaceted chemotaxis and development 16 phenotypes of the single and double mek1 -and smkA -strains (30). 17
In other systems, SMEK orthologs (named PP4R3) complex with the protein phosphatase 4 18 catalytic subunit (PP4C) and the protein phosphatase regulatory subunit 2 (PP4R2) (12, 13, 15, 24) . PP4 19 is a member of the PP2A subfamily of PPP serine/threonine (Ser/Thr) phosphatases (2). The 20 PP4C/PP4R2/PP4R3 trimer has a conserved role in resistance to cisplatin and other cytotoxic agents (13, 21 45). S. cerevisiae PP4C/PP4R2/PP4R3 specifically dephosphorylates γH2AX during double strand 22 break repair (24). C. elegans PP4R3 (SMK-1) controls the transcriptional response of DAF-16 to UV 23 irradiation (24, 27, 44). PP4C and PP4R2 have also been implicated in the nucleation, stabilization, and 24
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To visualize the dissimilarity between the strains, we conducted hierarchical clustering of the 1 strains based on the calculated distances using the "pvlust()" function in R and displayed the data as 2 dendrograms. The same function was used to calculate the p-value by multiscale bootstrap resampling. 3 Specific Euclidian distances between the mutants are also shown as triangles, normalized to 1 as 4 described (41). 5 Classical genetics reveal a complex mek1-pppC/smkA interaction during multicellular development 3 and chemotaxis 4 We set out to discern the epistatic relationships between mek1, the mek1 -suppressor smkA, and 5 the gene encoding the putative SMEK interactor pppC. The Dictyostelium genome contains one copy of 6 the pppC gene, which is predicted to encode the catalytic subunit of the PP4C protein phosphatase 7 (DDB0185222). Dictyostelium also contains pprA and pprB (DDB0205616 and DDB0168233), which 8 are predicted to encode the PP4R1 and PP4R2 regulatory subunits, respectively. We cloned the 9 respective cDNAs by RT-PCR from mRNA collected from cells at 2-4 h of development. 10 We first determined if, like their orthologs in other systems, Dictyostelium PP4C and SMEK 11 physically interact. We epitope-tagged and expressed the respective proteins in wild-type Dictyostelium 12 KAx-3 cells (FLAG-PP4C and HA-SMEK). We extracted the proteins from vegetative cells and from 13 developing cells that were brought to chemotactic competence by cAMP pulsing (20). The proteins 14 were immunoprecipitated with antibodies against the tags and resolved by SDS-PAGE. Protein-protein 15 interactions were determined by Western blotting with antibodies against the other subunits. HA-SMEK 16 co-immunoprecipitated with FLAG-PP4C, and the interaction was not developmentally regulated (Fig.  17   1A) . A reciprocal anti-HA immunoprecipitation confirmed that the pppC gene product physically 18 interacts with SMEK during Dictyostelium growth and multicellular development (Fig. 1B) . SMEK's 19 EVH1 domain constitutively localizes to the cell cortex (EVH1), while a SMEK mutant lacking the 20 EVH1 domain constitutively localizes to the nucleus (SMEK ∆EVH1 , (30)). We examined these SMEK 21 mutants for their ability to co-immunoprecipitate PP4C and found that HA-SMEK ∆EVH1 physically 22 interacts with FLAG-PP4C, but HA-EVH1 does not. Thus, FLAG-PP4C does not non-specifically co-23 immunoprecipitate with all overexpressed HA-SMEK proteins (Fig. 1B) . We noted that FLAG-PP4C 24 appeared as a doublet in some of our whole cell lysate Westerns. We have not further characterized the 25 two FLAG-PP4C species, but they may be the result of protein modification and/or degradation. 1
6
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Attempts to co-immunoprecipitate the PP4C/PP4R2/SMEK heterotrimeric complex were unsuccessful 2 due to the toxicity of simultaneously overexpressing all three members of the complex. We previously 3 observed an inhibition of cell growth with overexpression of SMEK itself (30). 4 We next generated pppC -and mek1 -/pppC -strains via homologous recombination of the pppC 5 gene in wild-type and mek1 -cells (data not shown). Upon starvation, Dictyostelium cells secrete 6 oscillatory waves of the chemoattractant cAMP, which induce the expression of signaling proteins 7 involved in sensing and chemotactically responding to extracellular cAMP. Wild-type Dictyostelium 8 cells form aggregates of ~10 5 cells (9 h), differentiate, and chemotactically sort into groups of specific 9 cell types. The organism then extends a tip from the mound (12 h), transforms into a migrating slug (16 10 h), and differentiates into a fruiting body with a stalk and a sorus containing spores (24 h) (3, 10, 28). 11
mek1
-cells form tiny mounds and their multicellular morphogenesis is accelerated relative to wild-type 12 cells (27, 30). We noticed that following aggregation ( Fig. 2A, 9 The phosphatase activity of PP4C is essential for its function during development and chemotaxis 19 To be sure that the observed pppC -development and chemotaxis phenotypes were due to a lack 20 of PP4C catalytic activity, we eliminated PP4C phosphatase activity by site-directed mutagenesis and 21 tested whether the mutated allele could complement the pppC -phenotype. Histidine 113 in 22
Dictyostelium PP4C is an invariant and essential amino acid found in all PPP phosphatase family 23 members. It is predicted to function as a general acid that protonates the leaving group oxygen and 24 accelerates dephosphorylation (4, 5, 32) . We expressed FLAG-PP4C and FLAG-PP4C H113Q in wild-25 type Dictyostelium cells, immunoprecipitated the PP4 phosphatase complex with anti-FLAG antibodies, 1 and performed a phosphatase assay using pNPP as a substrate. As expected, the phosphatase activity of 2 the mutated protein (FLAG-PP4C H113Q ) towards pNPP was indistinguishable from the background 3 activity (data not shown). When overexpressed in wild-type cells, FLAG-PP4C H113Q phenocopied the 4 pppC -delay in mound exit, whereas FLAG-PP4C overexpression had no obvious phenotype (Fig. 2B) . 5
This finding suggests that the H113Q mutant functions in a dominant negative manner, possibly by 6 sequestering endogenous PP4C regulatory subunits or substrates. FLAG-PP4C complemented the 7 Fig. 3 ; Table 1 ). We conclude that PP4C catalytic activity is required for timely exit 13 from the mound stage and the manifestation of the mek1 -defects in development, chemotaxis speed, cell 14 polarization, and directionality. that phenotype is epistatic to the other (Y is epistatic to X). In a signaling pathway, the epistatic gene is 25 strains, we computed the difference (Euclidean distance) between the strains, based on 5,624 array 13 targets over 4 time-point measurements. We then used hierarchical clustering to generate a dendrogram 14 ( Fig. 4A ) that summarizes the quantitative distances between the 6 strains. In this representation, strains 15 that are more similar to each other than either is to a third strain are directly connected on the tree 16 structure. The vertical lengths of the branches are directly proportional to the difference between the 17 strains. The statistical significance of the dendrogram relationships was calculated by multiscale 18 bootstrap resampling (41) and was highly significant in all cases. 19
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The wild-type and mek1 -/smkA -strains clustered on the same branch in the microarray 20 phenotype dendrogram, indicating that their gene expression profiles are the most similar. The mek1 -21 strain is the most dissimilar strain, as it clustered away from all of the other strains on a separate branch 22 (Fig. 4A) . The dendrogram and individual distance calculations indicate that the mek1 -/smkA -double 23 mutant is more similar to the smkA -single mutant than to the mek1 -single mutant (Fig. 4A, B) . 24
Additionally, the mek1 -/pppC -double mutant is also more similar to the pppC -single mutant than to the 25 
mek1
-single mutant (Fig. 4A, C) . We used these measurements to perform genetic epistasis analysis. To compare the unbiased inter-gene relationship of mek1, smkA, and pppC to their specific 4 relationship during chemotaxis, we calculated the differences (Euclidian distances) between the six 5 strains based on the available measurable phenotypic assays: PP4 phosphatase activity in developing, 6
chemotaxis-competent cells and chemotaxis cell speed, directionality, and roundness ( -cells (to about 1/3), indicating that the immunoprecipitated 11 activity was PP4C-specific. The differences between the phosphatase activity and chemotaxis 12 measurements were summarized (see Materials and Methods) and analyzed by hierarchical clustering to 13 generate a dendrogram (Fig. 4D) . The statistical significance of the findings in the dendrogram was 14 calculated by multiscale bootstrap resampling (41), and was highly significant in all cases. It should be 15 noted that for the epistasis analysis, the phenotypes in Table 1 were considered as being independent of 16 each other and as having equal weights. The numerical values were normalized to ensure equal weight. 17
In the analysis specific to chemotaxis, the wild-type KAx-3 and mek1 -/smkA -strains clustered on 18 the same branch with smkA -cells, indicating that their chemotaxis and phosphatase activity phenotypes 19 are the most similar (Fig. 4D) 
-chemotaxis phenotype is quantitatively the most different of all of the strains. The individual 2 distance calculations indicate that the mek1 -/smkA -double mutant is more similar to the smkA -single 3 mutant than to the mek1 -single mutant (Fig. 4E) . The mek1 -/pppC -double mutant is more similar to the 4 pppC -single mutant than to the mek1 -single mutant (Fig. 4F) . These results confirm our phenotypic 5 conclusions that during developmentally induced chemotaxis, smkA and pppC function epistatically to 6 (or downstream of) mek1 in a linear pathway (Fig. 4G) . 7 8 The mek1-pppC/smkA pathway regulates gene expression for cell motility and stress response 9
To further characterize the mek1 -, smkA -, and pppC -gene-expression phenotypes, we examined 10 which groups of co-regulated genes were differentially regulated in the mutants. By analyzing co-11 expressed gene families, rather than individual genes, we avoided problems with microarray noise (23, 12 46, 47). Variations in gene expression between strains in our experiments could stem from genotype, 13 developmental time, and experimental variation. To identify differentially regulated genes, we 14 concatenated all of the microarray data from all of the mutants and used ANOVA (ANalysis Of 15 VAriance) to identify genes in which differential expression was attributable to genotype effects (p < 16 0.05), but not to experimental variation. Based on these criteria, we identified 498 genes that were 17 differentially expressed between the six mutants (Supplemental Table 1 ). We verified the microarray 18 results by testing the expression of 5 of the genes (crlA, racE, limB, wimA, and proA) in all 6 strains by 19 real-time RT-PCR. We found that 26 of the 30 comparisons exhibited a positive correlation between the 20 microarray and real time RT-PCR data, validating the microarray results (Supplemental Fig. 1 ). We 21 then tested whether these genes participate in known functions using the Gene Ontology Analysis Tool 22 GOAT (47). Examination of the predicted subcellular localization of the gene products indicated that 23 they likely function in the leading edge, cell projection, and/or lamellipodium (Fig. 5A) . These 24 compartments participate in cell motility, in agreement with our finding that the PP4 pathway regulates 25 chemotaxis in Dictyostelium. Examination of the biological processes prevalent among the PP4-1 regulated genes revealed a large number of stimulus-and stress-response genes, including response to 2 DNA damage (Fig. 5B) . The role of human and yeast PP4C in inducing a transcriptional response to 3 DNA damage is well established (9, 24) . 4 Gene expression analyses of a variety of wild-type and mutant Dictyostelium strains has revealed 5 16 gene expression modes (or categories) in which co-expression is highly associated with common 6 function (6). We tested the distribution of the 498 PP4-regulated genes among these modes and found 7 significant enrichment in 4 modes (Supplemental Table 2 ). Of particular interest were modes 9 and 15 8 that are enriched in genes encoding calcium binding proteins, and mode 13 that is enriched in genes 9 encoding drug transport proteins and proteins involved in DNA damage response. Mode 15 is also 10 highly enriched in chemotaxis genes (6) . These findings correlate the mek1-pppC/smkA pathway with 11 the cell's response to DNA damage and developmentally-induced chemotaxis (Fig. 3) (9, 24, 30) . 12 
13
SMEK positively regulates PP4C function during development 14
Our phenotypic data and the data of others (13) (Fig. 6A) . Thus, pppC is epistatic to smkA. Since SMEK overexpression 23 requires PP4C to cause a developmental phenotype, SMEK likely functions through PP4C. As the 24 allowed us to analyze PP4C phosphatase activity without overexpressing the catalytic subunit of the 7 phosphatase, which can saturate the endogenous regulatory subunits and lead to large amounts of 8 unregulated catalytic subunit activity (21) . We performed the assay with increasing protein input (cell 9 number) and increasing duration, to determine the conditions for assay linearity with protein input and 10 with time. Importantly, PP4C phosphatase activity in smkA -cells did not significantly differ from that in 11 wild-type or mek1 -cells ( Fig. 6B ; Table 1 ). These findings indicate that SMEK is not an overt regulator 12 of the PP4C/PP4R2 phosphatase activity. 13 We previously demonstrated that SMEK translocates from the cell cortex to the nucleus upon 14 starvation (30) and that PP4C physically interacts with the nuclear-localized SMEK ∆EVH1 , but not with 15 the cytoplasmic-localized EVH1 (Fig. 1B) . Thus, we hypothesized that SMEK regulates PP4C by 16 controlling its subcellular localization. We examined HA-PP4C localization in cells with and without 17 co-overexpressed V5-SMEK and found that PP4C localized to the cytoplasm in vegetative and 18 aggregation-competent cells (Fig. 6C ) and co-overexpression of SMEK caused PP4C to localize to the 19 nucleus in aggregation-competent cells (Fig. 6D) . We propose that SMEK might regulate PP4C 20 translocation to the nucleus and thereby regulate PP4C substrate accessibility. 
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PP4/SMEK regulates multicellular development and chemotaxis 3
The exact relationship between Dictyostelium mek1 and the second site suppressor smkA has 4 been unclear, due to the multifaceted development and chemotaxis phenotypes of the single and double 5
mek1
-and smkA -strains (30). Both the yeast and mammalian SMEK homologs complex with the 6 protein phosphatase 4 catalytic and regulatory subunits, PP4C and PP4R2 (8, 13, 24) . We demonstrate 7 that Dictyostelium SMEK also physically interacts with PP4C. Similar to SMEK, PP4C Ser/Thr 8 phosphatase activity is required for the exit from the mound stage during multicellular development and 9 the manifestation of the mek1 -development and chemotaxis defects. Annotation analyses of genes 10 differentially expressed between mek1, pppC, and smkA strains reveal that PP4C and SMEK are 11 involved in regulating stress and cell motility genes, similar to the findings in yeast and mammalian 12 systems (13, 45) . During the evolution of Dictyostelium, PP4C's conserved role in regulating cellular 13 responses to stress might have adapted to function in development and chemotaxis, which are elicited by 14 starvation in Dictyostelium. 15
The similarity between the smkA -and pppC -development and chemotaxis phenotypes (in both 16 the wild-type and mek1 -genetic backgrounds) suggests that smkA and pppC function in the same 17 pathway for these processes. PP4C and the SMEK homologs PP4R3 and SMK-1 have conserved and 18 comparable roles in regulating cellular resistance to cisplatin and other cytotoxic agents (24, 27, 44). 19 However, Dictyostelium smkA -cells exhibit a less severe developmental arrest than pppC -cells, 20 supporting the notion that PP4C has SMEK-independent functions during development. Indeed, PP4C 21 forms SMEK-independent complexes, such as the PP4C/PP4R1 dimer, which inhibits histone 22 deacetylase 3 activity, and PP4C/α4/CCT complex (12, 13) . The loss of such SMEK-independent PP4 23 activity in pppC -phosphatase assays separates pppC and smkA in the dendrograms based on chemotaxis 24 and phosphatase activity measurements, highlighting the utility of global gene expression profiles, rather 25 than individual phenotypic readouts, in determining inter-gene relationships. In conclusion, we suggest 1 that smkA regulates pppC to induce a subset of pppC's functions: some of the PP4C-mediated mound 2 stage exit, chemotaxis, and the expression of genes involved in cellular responses to stress and cell 3 movement. 4 
5
A mek-pppC/smkA genetic pathway 6
Our initial studies reveal that loss of either smkA or pppC suppresses the mek1 -developmental 7 and chemotaxis phenotypes, suggesting that mek1 inhibits smkA and pppC function during these 8 processes. Epistasis analysis based on the statistical differences between the unbiased global gene-9 expression phenotypes also indicated that pppC and smkA function downstream of mek1. Thus, loss of 10 mek1 should lead to increased or aberrant pppC/smkA function, which can be suppressed by the loss of 11 smkA or pppC. This is what we observe in our phenotypic genetic analysis. Biochemical studies in 12 other systems indicate that SMEK is a regulatory subunit for the PP4 catalytic subunit (12, 13, 15, 24) . 13 The similarity between the smkA and pppC developmental, chemotaxis, and gene expression phenotypes 14
suggests that SMEK regulates PP4C activity towards specific substrates relevant to these processes. We 15 utilized classical genetic epistasis analysis to further examine whether smkA positively regulates pppC 16 activity during development. The regulatory subunits of other PP2A family phosphatases, such as the B subunits of PP2A, 19 regulate the activity, localization, and/or substrate specificity of the corresponding catalytic subunit (38). 20
We determined that SMEK is not involved in regulating the absolute level of PP4C catalytic activity. In 21 mammals and Drosophila, PP4C and PP4R2 are found throughout the cytoplasm and nucleus during 22 interphase, and localize specifically to centrosomes during mitosis (7, 15, 18, 39) . In Dictyostelium, 23 SMEK specifically translocates from the cytoplasm to the nucleus in response to starvation (30). We 24 suggest that SMEK may regulate the subcellular localization of PP4C in order to control PP4C function 25 during development and chemotaxis. We show here that overexpression of SMEK with PP4C increased 1 the nuclear accumulation of PP4C. While PP4C co-immunoprecipitates with the constitutively nuclear-2 localized SMEK ∆EVH1 mutant, PP4C also co-immunoprecipitates with SMEK in both vegetative and 3 chemotaxis-competent cells, independent of SMEK's subcellular localization. Thus, we hypothesize 4 that a pre-existing cytoplasmic PP4C/SMEK complex receives the starvation signal and translocates into 5 the nucleus. By altering PP4C localization, SMEK may regulate PP4C substrate availability, interaction, 6 or specificity. Our biochemical results are consistent both internally and with the genetic results, but 7 they must be interpreted with caution because they rely on the use of overexpressed tagged proteins. 8
Nevertheless, the correlation between function and subcellular localization of the complexes in 9 evolutionary distant organisms and in unrelated cellular processes suggests a common regulatory 10 mechanism for this protein phosphatase. 11
In conclusion, a linear mek1-pppC/smkA genetic pathway regulates multicellular development, 12 chemotaxis, and gene expression for these processes, previously unknown functions of PP4. However, 13 our finding that mutations in mek1 also suppress the developmental delay of smkA -and pppC -cells 14
indicates that the overall MEK1 and PP4C/SMEK genetic and biochemical interaction is more complex. 15
In addition, PP4C/SMEK likely has cytoplasmic functions unrelated to MEK1-regulated chemotaxis, 16 such as cell growth/survival (30). Thus, we propose that the MEK-ERK/MAPK pathway and nuclear 17 PP4C/SMEK function in independent but intersecting pathways to regulate cellular resistance to stress 18 and the transition of single chemotaxing cells into multicellular structures. More biochemical studies 19 will be needed to determine if a feedback loop is involved. It would be interesting to know if the mek1-20 pppC/smkA role in development and chemotaxis is conserved in other biological systems, similar to 21 pppC/smkA's role in responding to stress. 22
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